Respiratory motion has been considered a clinical challenge for lung tumor treatments due to target motion. In this study, we aimed to perform an experimental evaluation based on dynamic phantoms using MLC-based beam tracking. TrackBeam, a prototype real-time beam tracking system, has been assembled and evaluated in our clinic. TrackBeam includes an orthogonal dual-layer micro multileaf collimator (DmMLC), an on-board mega-voltage (MV) portal imaging device, and an image processing workstation. With a fiducial marker implanted in a moving target, the onboard imaging device can capture the motion. The TrackBeam workstation processes the online MV fluence and detects and predicts tumor motion. The DmMLC system then dynamically repositions each leaf to form new beam apertures based on the movement of the fiducial marker. In this study, a dynamic phantom was used for the measurements. Three delivery patterns were evaluated for dosimetric verification based on radiographic films: no-motion lung-tumor (NMLT), three-dimensional conformal radiotherapy (3DCRT), and four-dimensional tracking radiotherapy (4DTRT). The displacement between the DmMLC dynamic beam isocenter and the fiducial marker was in the range of 0.5 mm to 1.5 mm. With radiographic film analysis, the planar dose histogram difference between 3DCRT and NLMT was 48.6% and 38.0% with dose difference tolerances of 10% and 20%, respectively. The planar dose histogram difference between 4DTRT and NLMT was 15.2% and 4.0%, respectively. Based on dose volume histogram analysis, 4DTRT reduces the mean dose for the surrounding tissue from 35.4 Gy to 19.5 Gy, reduces the relative volume of the total lung from 28% to 18% at V20, and reduces the amount of dose from 35.2 Gy to 15.0 Gy at D20. The experimental results show that MLC-based real-time beam tracking delivery provides a potential solution to respiratory motion control. Beam tracking delivers a highly conformal dose to a moving target, while sparing surrounding normal tissue.
of several centimeters. This compromises the benefits of highly conformed dose delivery with three-dimensional conventional radiotherapy (3DCRT) or intensity modulated radiotherapy (IMRT) techniques. (1) (2) (3) Differences between planned and delivered radiation treatments may occur due to the respiration-induced tumor motion, leading to insufficient dose to the tumor and excess dose to the surrounding normal structures. (4) (5) Existing methods that attempt to account for tumor motion can be grouped into two categories: discrete delivery methods (such as gating), and continuous delivery methods, known as beam tracking. (6) (7) (8) (9) (10) For gating technology, the moving target is expected to be at a certain position during a specific interval of the respiratory cycle. The position and width of the gate within a respiratory cycle is determined by monitoring the patient's respiratory motion. (1, (11) (12) (13) (14) Typically, an external marker may be placed halfway between the xiphoid and the umbilicus, or an internal fiducial marker may be implanted into the patient's body. Respiratory-gated radiation delivery has been studied by several institutions. (8, (15) (16) In this method, a threshold is applied to define a gating window based on the respiratory signal, and the beam is turned on for the period of time when the target is within the desired window. Because beam delivery is not continuous, gated procedures are longer than non-gated procedures. Generally, a gating duty cycle of 30% to 50% leads to an increase in delivery time by a factor of 2 to 3. (17, 18) For one feasibility study reported in the literature, the respiratory gating increased the delivery time by a factor of 4 to 15. (1, (18) (19) Another solution to accommodate tumor motion is to use the beam to track tumor motion. (1, (20) (21) Target tracking techniques use dynamic beam repositioning to follow the tumor position in real time. Theoretically, tracking provides an ideal solution to tumor motion by eliminating the need for a tumor motion margin and utilizing the full duty cycle of dose delivery. (1) The tumor tracking methods have their own clinical challenges including determining the tumor position, repositioning the beam, and synchronizing the beam delivery with tumor motion. (20, 21) The CyberKnife (Accuray, Sunnyvale, CA) tracking system introduced by Schweikard et al. (22) is an example of a system that has beam tracking capabilities. The motion of the robotically-controlled linac is synchronized to the patient's external respiratory motion, allowing it to follow tumor motion in real time. Keall et al. (20) extracted motion envelopes from 4D CT scans and applied them to modify dynamic multileaf collimator (MLC) movements, thereby showing the feasibility of MLC-based adaptive tracking. A couch-based approach by D'Souza et al. (9) showed similar feasibility, allowing a clearer distinction of beam shaping and motion compensating movements. Neuci et al. (23) developed a technique to synchronize the moving radiation beam aperture with the tumor motion induced by respiration.
In this study, an MLC-based beam tracking system, TrackBeam (Initia Ltd, Israel) has been assembled and evaluated in our clinic. TrackBeam utilizes a dual-layer micro MLC (DmMLC) in combination with an online megavoltage (MV) portal imaging device (PID) and a gold fiducial marker implanted inside the tumor. (24, 25) The MV PID determines the target position in real time by processing the fiducial marker projection (FMP). The dual-layer MLC, offering orthogonal upper and lower banks of leaves, was used to reposition the beam aperture in two dimensions simultaneously. As a result, the dual-layer MLC provided less angular dependence compared with a standard single-layer MLC. (24, 25) An integrated image processing tool (IPT) with an embedded adaptive functionality compensated for the latency of the dynamic beam isocenter and fiducial marker projection. In this study, we have investigated real-time beam tracking delivery based on dynamic phantoms. We present our results comparing this device with conventional delivery and tracking delivery patterns.
II. MATErIALS AnD METHoDS
A. An MLC-based real-time Beam Tracking System Beam tracking in radiation therapy is a delivery mode whereby a dynamic MLC tracks tumor motion in real time. Single or multiple implanted fiducial markers can be used to show tumor motion. Real-time images can be obtained, processed, and transferred to a dynamic multileaf collimator (MLC) control unit. The dynamic MLC reshapes the beam aperture according to the fiducial marker motion. Challenges of beam tracking include detecting the tumor position in real time and synchronizing the MLC beam aperture with the motion of the target. Figure 1(a) illustrates the schematic layout of dynamic MLC-based beam tracking system. A dynamic beam isocenter (DBI) was used as the reference point for the dynamic beam to reposition each leaf and form a new beam aperture. For instance, a round beam aperture was formed to cover a spherical shape target, in which the DBI was set to the center of the target. As the DBI moves, each MLC leaf is repositioned to generate new beam apertures. Figures  1(b) and 1(c) show two beam apertures created for a moving DBI. The motion of the DBI was determined by the motion of a pre-implanted fiducial marker.
TrackBeam integrates an image processing tools (IPT) workstation, a dual-layer micro MLC, and a portal imaging device. Figure 2 shows the beam tracking setup for delivery to a moving target within a dynamic phantom. A DmMLC and an MV PID were attached to a Varian 600C linear accelerator (Varian Medical Systems, Inc., Palo Alto, CA, USA). A Quasar (Modus Medical Devices, Inc. London, ON Canada) respiratory phantom was used to simulate target motion due to breathing. The IPT workstation processed the online MV fluence images, detected the fiducial marker projection, and controlled the MLC leaf motion. The fiducial marker motion was captured by a CV-M300 industrial monochrome charge-coupled device (CCD) camera (JAI Corporation, Kanagawa, Japan). A frame grabber was used to capture the fiducial marker as the reference image, which was then processed by Sapera (DALSA Corporation, Waterloo, Ontario, Canada). Each leaf of the DmMLC was controlled by a separate motor traveling at maximum speed of 20 mm/sec. The orthogonal layers of the DmMLC reduce MLC field dependence of the leaf stepping angle and provide fast beam response. (24, 25) Both factors are important in MLC-based beam tracking.
The latency between the DBI and fiducial markers is a critical factor in beam tracking delivery. A Kalman filter-based adaptive function introduced by Kalman and Bucy in the 1960s reduced the positioning lag. (26, 27) The Kalman Filter (KF) is based on a linear dynamic system in which continuous models are transferred into discrete counterparts in the time domain. The KF is a predictor-corrector type of estimator that implements a set of mathematical models and minimizes the estimated error covariance when certain conditions are met. The Kalman filter is also a recursive estimator, which means that the estimated state from the previous time step and the current measurement are needed to compute the estimate for the current state.
B. Dynamic respiratory Phantoms and Fiducial Markers
The Quasar respiratory motion phantom is a thorax phantom capable of moving in the superiorinferior direction with variable speed and amplitude. Major components of this respiratory phantom system, shown in Fig. 3(a) , include a thorax phantom, a precise motion actuator, and a controller with preset motion profiles. Target motion in the respiratory phantom is achieved by the application of a sinusoidal pattern of motion.
Another dynamic phantom used was the CIRSTM dynamic tissue equivalent thorax phantom, shown in Fig. 3(b) . A CT of the CIRSTM phantom was used to develop 3DCRT and 4DTRT plans, and the resulting DVHs were compared.
Acculoc gold fiducial markers (CIVCO Medical Solutions, Kalona, Iowa) were used to allow localization of the target in MV images. These fiducials are 3 mm × 1.2 mm gold cylinders that are specially knurled to inhibit migration. One fiducial was implanted in each phantom.
C. Beam Tracking Delivery Experimental Measurements

C.1 Latency Between Dynamic Beam Isocenter and Fiducial Marker
The latency between the DBI and fiducial marker projection (FMP) was the first parameter evaluated in this study. At the beginning of a treatment, the DmMLC leaves are not perfectly synchronized with the motion of the marker, resulting in a time lag between movement of the marker and the formation of a new MLC pattern. The IPT workstation provides an adaptive function to calculate and forecast the latency between the DBI and FMP.
In beam tracking delivery, it is important to evaluate the displacement between the dynamic beam isocenter and the fiducial marker. There exists a latent period between the movement of the target and that of the beam isocenter as it tracks the target. To quantify this latency, the displacement between the DBI and the FMP at various phases were measured. The latency was then calculated using the displacement of the DBI and FMP divided by the velocity at that given phase. The relationship of the fiducial marker movement as function of time was expressed as Eq. (1).
where A is the fiducial marker projection amplitude, ω is the angular frequency of the sinusoidal motion, t is time and θ is the initial phase. Figure 4 
where the DBI(t) is the location of the dynamic beam isocenter relative to the original isocenter as a function of time. Therefore, the time latency can be obtained by dividing ∆D(t) by the marker's velocity V(t):
where velocity, V(t) ,is the derivative of FMP(t): When the marker velocity is close to zero (i.e. at the end of inhalation and the end of exhalation), Eq. (3) is no longer satisfied. In this situation, the latency was estimated by averaging the latency of two adjacent phases.
C.2 radiographic Films in Beam Tracking Delivery
In order to evaluate the dosimetric effect of beam tracking, we performed radiographic film comparisons using Gafchromic (International Specialty Products, NJ, USA) film inside the Quasar phantom for three delivery patterns (NMLT, 3DCRT, and 4DTRT). The NMLT case was an ideal scenario in which the lung tumor was assumed to be stationary and was used as the reference pattern to compare with 3DCRT and 4DTRT. In 3DCRT, an additional margin of 1.0 cm to 1.5 cm was added to the clinical tumor volume to account for tumor motion. For the evaluated 4DTRT, the same beam aperture was used with NMLT pattern, but with no additional margin. Both dose profiles and planar doses were analyzed for these three evaluated patterns.
III. rESuLTS
The respiratory phantom was set to travel from the end-inhale phase to the end-exhale phase at a distance of 20 mm, with respiratory rate as 5 s/cycle.
A. Latency Measurement Between MLC Virtual Isocenter and Fiducial Marker
The real-time tracking system was found to have a latency time of 100 ms during the first one to two cycles. The synchronization of DBI to FMP was achieved after approximately three to four cycles.
To measure the time difference between the dynamic beam aperture formation and position of the moving marker, 16 phases were selected for each sinusoidal cycle. In the DBI measurements, the fiducial marker motion amplitude was set to 20 mm with a respiratory period of 5.0 s/cycle. Figure 5 shows the position of DBI at each phase over 12 respiratory cycles. The DBI measurements and the fiducial marker calculation are listed in Table I . The target has very little instantaneous velocity at the end of inhalation and at the end of exhalation. For these cases, the latency was estimated by averaging two adjacent phases. a Averaged measurements of DBI for 12 respiratory cycles after the DBI was synchronized with the FMP. b Marker's momentary velocity at the end of inhalation and the end of exhalation is very low, so the latency was estimated using the average latency of two adjacent phases. Figure 6 (a) shows a schematic layout of a 3DCRT plan for a mobile tumor. To account for the target motion, an additional margin is needed along the direction of target motion to ensure adequate coverage of the target. The superior-inferior (S-I) direction is the axis of greatest motion for most patients. (28) An elliptical target was obtained by giving an additional X margin to both sides of the target along the target motion direction. The outer field shape (dashed line) was the dose delivered to the moving target and its surrounding tissue. When the tumor moved by a distance of X, the field shape was extended by a distance of up to 2X. The 4DTRT test cased utilized real-time tracking beam to account for tumor motion. The DmMLC was set to generate a 4.0 cm circular aperture with the beam perpendicular to the plane of motion. The tumor motion was simulated by a 5.0 s/cycle sinusoidal pattern with an amplitude of ±10 mm in the superior-inferior (SI) direction.
B. Dosimetric Analysis of radiographic Films
Figures 6(b) to (d) show the results of the analysis of Gafchromic EBT films for the NMLT, 3DCRT and 4DTRT patterns. With 3DCRT, the field was blurred due to tumor motion and resulted in a distorted shape along the direction of motion. The field delivered with 4D tumor tracking was rounded and had much less blur compared to the 3DCRT pattern. The 4DTRT provided a dose distribution that closely matched the pattern that could be expected in the absence of tumor motion. Figure 7 shows the vertical profiles of the 3DCRT, 4DTRT and NMLT patterns. The 3DCRT plan overdosed surrounding tissues because an additional margin had to be added to accommodate the target motion. The 4DTRT overdosed a small percentage of tissue outside the field edge and underdosed a small percentage of the tumor due to beam latency. The profile analysis of the three patterns demonstrated that 4DTRT better approximates the NMLT case than does the 3DCRT plan. To get quantitative results, additional analyses, including planar dose differences, were applied to compare the dose characteristics of the three patterns.
Planar dose subtraction was used to compare the difference between two dose distributions. The difference plot is based on pixel by pixel subtraction of two co-registered images. This type of plot is not only capable of showing the amplitude of the dose difference between two images, but also the location of the difference. Figures 8(a) to (c) show the planar dosimetric comparison of the co-registered images from the NMLT, 3DCRT and 4DTRT patterns. All the three patterns were based on the same planning tumor volume, which was a 4 cm diameter sphere. For the NMLT and 4DTRT cases, the same circular beam apertures (4 cm in diameter) were used. For the 3DCRT, an elliptical aperture was created using 1 cm additional margin extended from the round beam shape along the fiducial marker motion direction. Figure 8 (a) shows that 3DCRT induced an unavoidable over-delivery of dose to the surrounding tissue. Compared to the 3DCRT, 29.9% of the NMLT total pixel count exceeded the desired dose difference of ±5%, with a maximum dose difference of 69.0%. Figure 8(b) shows the dosimetric comparison of the 4DTRT and NMLT pattern. The 4DTRT pattern delivers conformal dose to the tumor with less than 5% difference in dose when compared to the NMLT case. In addition, less surrounding tissue received excess dose. Figure 8 (c) directly compares the planar dose between the 3DCRT and the 4DTRT patterns.
To quantify the dose difference of these three evaluation patterns, we selected a region of interest (ROI) based on the isodose line of the 3DCRT film. A rectangle with dimensions of 4.4 cm × 7.75 cm was selected for all the three radiographic films. The planar dose difference histogram of the 3DCRT, 4DTRT and NMLT patterns are shown in Table II . The dosimetric analysis of radiographic films show 48.6%, 38.0%, 31.1% 22.5% and 11.1% of pixels exceeding the dose difference tolerance of 10%, 20%, 30%, 40% and 50%, respectively, when comparing the 3DCRT pattern to the NMLT pattern. Comparing the film of 4DTRT to the NNLT, 15.2% and 4.0% of pixels exceeding the dose difference tolerance were measured with dose difference tolerance at 10% and 20%, respectively. When comparing 4DTRT and NMLT patterns, 27.5% of the pixels of the co-registered images exceeded the selected dose difference tolerance of 5.0%. Figure 9 shows the dose histogram difference of co-registered calibrated films of the NMLT, 3DCRT, and 4DTRT patterns. 
IV. DISCuSSIon
A. DVH Comparison of a 3DCrT and a 4DTrT Planning to the CIrSTM Dynamic Phantom
The CIRSTM dynamic phantom was scanned in the LightSpeed CT scanner (GE Healthcare, USA) with a slice thickness of 2.5 mm (120 kVp and 80 -440 mA). A treatment plan was developed using anterior/posterior (AP) and posterior/anterior (PA) beam arrangements. A ring-shaped structure was created at a radius of 2.5 cm outside the PTV to allow assessment of the dose delivered to surrounding healthy tissue. An additional margin of 1.5 cm was added, accounting for the tumor motion with the 3DCRT compared with 4DTRT, as shown in Fig. 10 . The DVH comparisons indicate that 4DTRT reduces the dose to the ring structure from 97.5% to 61.5% of the volume at V20, and reduces the dose to 80% of the volume (D80) from 33.5 Gy to 11.5 Gy. 4DTRT also reduces the relative volume of the total lung from 28% to 18% at V20, and reduces the dose from 35.2 Gy to 15.0 Gy at D20. The lung V5, V10, and V20 were 35.0%, 31.0% and 28.0%, respectively, for the 3DCRT for a prescribed dose of 45 Gy. For the 4DTRT delivery, the lung V5, V10, and V20 were 30.0%, 22.0% and 18.0%, respectively. The mean dose to the ring was 35.4 Gy for the 3DCRT, and 19.5 cGy for the 4DTRT. 
B. rigid/Deformable Target
We have implemented beam tracking delivery to compensate for rigid tumor motion in a phantom-based experiment. To implement this technique in a clinical setting, we must assume a rigid transformation of the PTV with no deformation of the PTV. One case in which this may be appropriate has been reported by Deurloo (29) who found that the prostate exhibits shape deformations that are small relative to its motion. A first order correction is therefore feasible for setup errors and organ motion only.
Traditionally, tumor movement has been compensated for by applying greater margins so that the tumor is always covered by the beam. Studies in the lung by Engelsman and Beckham (30, 31) have both found dose errors of 5%. However, the change in equivalent uniform dose was 0.5%. Therefore, it could be argued that for realistic organ displacements and multiple field treatments, the dose error is small with the appropriate algorithm. This renders the delivered dose invariant to tissue displacement, as long as full coverage of the tumor is achieved. (32) Testing of periodic asymmetric motion tracking, as exhibited by many organs affected by breathing (such as lung and liver), and further testing of realistic motion patterns are needed to understand and account for motion drift over prolonged periods of treatment. Evaluation of the effects of rapid changes of motion, such as that caused by coughing, will be conducted in the future.
V. ConCLuSIonS
MLC-based beam tracking delivery provides an opportunity to achieve conformal coverage of moving tumors and reduce the dose to the surrounding normal tissue by reducing target margins. The dosimetric analysis between the 3DCRT and NMLT experiments indicate that a total of 48.6%, 38.0%, 31.1%, 22.5%, and 11.1% of the pixels in the region of interest (ROI) of the dose image exceed the dose difference tolerances of 10%, 20%, 30%, 40% and 50%, respectively. However, when comparing the 4DTRT to the NMLT, only 15.2% and 4.0% of the pixels exceeded the dose difference tolerances of 10% and 20%, respectively. The DVH comparisons indicate that 4DTRT reduces the V20 of the surrounding tissue from 97.5% to 
